Abstract: Time series of fire occurrence, derived from MODIS data, have been used to characterise the spatio-temporal distribution of fire events during the 2004-2009 period in 17 protected areas (PAs) of West and Central Africa, with particular attention to those of the SUN network in Senegal, Burkina Faso, Benin and Niger. The temporal distribution of the fire activity and the number of fire occurences are quite different inside the PAs and in their surrounding area. A progressive increase of the length of the burning season is observed in the West Africa PAs. Quantitatively, the general trend over the last five years is an increase of the fire density (+22%) inside the PAs and a decrease (−27%) outside. The results indicate that the capacity of the PAs to maintain the biological diversity of the region is probably decreasing due to the combined effects of the anthropic pressure inside the PAs and of an on-going isolation process.
Introduction
The Sustainable Use of Natural Vegetation in West Africa project (SUN; http://www.sunproject.dk/index.asp) aims at improving the management and a sustainable use of the natural vegetation resources in the dry and semi-arid regions of West Africa. The research oriented
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activities of the project are concentrated on five protected areas (PAs): three national parks and two classified forests ( Figure 1 , Table 1 ). In addition to the five PAs of the SUN network, eleven protected areas have been considered in the analysis: four faunal reserves and seven national parks. This additional set of PAs was selected to enlarge the range of ecological domains considered in the analysis, more particularly the guineo-congolian and guineo-congolia/sudanian ecoregions, and to include some PAs where we knew that a conservation project was in place, such as the Garamba and Zakouma national parks respectively in D.R.C and Chad. (1) Ecoregion Area (ha) (2) Region 1 inside (3) 25 km (4) mainly for ecosystem protection and recreation, designated to (a) protect the ecological integrity of one or more ecosystems and (b) exclude exploitation or occupation inimical to the purposes of designation of the area. IV: Protected area managed mainly for conservation through management intervention, so as to ensure the maintenance of habitats and/or to meet the requirements of specific species. 2 data source: [2] . 3 surface of the protected area. 4 surface of a 25 km buffer zone around the protected area. Remark: the 25 km buffer cannot include a portion or the totality of another protected area.
The fire monitoring programme developed on these protected areas contributes to a specific objective of the SUN project which is to analyse indicators of sustainable use of plant resources at a landscape and habitat scale with different degrees of human influence. Human influence being largely linked to the use of burning for land management purposes, it appeared indispensable to charaterise the spatio-temporal distribution of fires in the PAs. Fires are central to the ecology of African tropical protected areas. They have a direct impact on the tree-shrub-grass balance and therefore on the habitats of many species and more generally on the biodiversity level. The monitoring of fire activity is important to better understand the ecological conditions and trends in the PAs and their peculiarity compared to the surrounding zone.
Fire is a management tool commonly used in park management in tropical and sub-tropical regions of sub-Saharan Africa. The temporal aspects of the fire regimes have been largely studied to support ecological assessments of the savanna ecosystem in the Southern Africa region [3] [4] [5] [6] [7] [8] [9] as well as in West Africa [10] [11] [12] [13] [14] . The combine effects of fire frequency and burning intensity have a direct impact on the respective proportions of grass, shrub and tree vegetation. Knowing that the burning intensity is strongly driven by the time of the year when burning occurs, fire management depends largely on the possibility to control the fire distribution during the dry season. Consequently, there is a strong demand from park managers of improved information on the spatio-temporal distribution of fire activity and of its interannual variability or changes: in summary, where and when burning occurs in a given PA and its surroundings. Earth observations are the best source of information for characterising these distributions.
It is only rather recently that the characterisation of the seasonal patterns of fire distribution has been done in a systematic manner at continental or global scale using Earth observation techniques. Dwyer et al. [15] did it at the global level using the active fires count provided by the NOAA-AVHRR-1km data, while the first assessment at continental scale for Africa was done by Barbosa et al. [16] using NOAA-AVHRR-5km data; they derived some interesting observations on the fire return interval North and South of the equator. Schultz [17] used the night-time fires count, provided by the Along Track Scanning Radiometer (ATSR) sensor onboard the ESA/ERS-2 satellite, to assess the interannual changes in fire seasonality at global level. More recently, Giglio et al. [18] did a study of the seasonality of vegetation burning using the active fires products derived from the Moderate resolution Imaging Spectroradiometer (MODIS) instrument onboard the NASA/Terra and Aqua platforms.
At a regional level in Africa, systematic fire monitoring by Earth observations has been used in the Southern Africa region to support a range of studies related to the land-atmosphere interactions; more particularly in the context of the Southern African Regional Science Initiative: SAFARI-1992 [19] and SAFARI-2000 [20] . For the West Africa region, one could mention the work done by Langaas [21] , more particularly on the diurnal fire cycle, or by Kennedy et al. [22] and Grégoire [23] on the seasonal distribution. In the specific case of the protected areas of the SUN network, Eva et al. [24] and Grégoire and Simonetti [25, 26] have done a systematic monitoring of fire activity in these protected areas since 2004. For the Central Africa region, North of the equator, very few studies have been done on the fire seasonality. Eva and Lambin [27] provided some results on the diurnal fire cycle for the Central African Republic area. While Grégoire et al. [28] and Pereira et al. [29] characterised the temporal patterns of fire activity to classify the main fire regimes in the region.
Data and Methods

MODIS Fire Product
The present study is based on the MODIS active fire observations for the period 2004 to 2009. The MODIS instrument onboard the Terra and Aqua satellites (NASA, http://terra.nasa.gov/) provides the location of thermal anomalies at the surface of the Earth, four times a day: at 10.30 and 22.30 local time for Terra and at 13.30 and 01.30, for Aqua. These observations are well adapted for the detection of fire events active at the time of the satellite overpass [30] . The MODIS data are processed by the MODIS Rapid Response System, using the algorithm developed by Giglio et al. [31] and the resulting time series are made available for download by the Fire Information for Resource Management System (FIRMS; http://maps.geog.umd.edu/firms/) [32] .
Extraction of the Active Fire Data
The Joint Research Centre (JRC) has developed an automatic procedure for the download of the fire time series from the FIRMS web server for the African continent since 2004. Fire pixels counts and locations are extracted on a weekly basis for all PAs of sub-saharan Africa. The resulting shape files and statistics are made available through a web server (http://gem.jrc.ec.europa.eu/) [26] . For a selection of PAs, including those of the SUN network, a weekly fire bulletin provides the park managers with the number and locations of the fire pixels detected during the week inside the PA and in a 25-km buffer zone outside the PA.
Analysis of the Spatio-Temporal Distribution of Fire Activity
In order to define the temporal patterns of burning activity, three variables have been used. The first one is the number of fire pixels detected during each week of the potential burning season which is set from the beginning of October to the end of March [33] . The second variable is the time expressed in number of weeks, since the start of the potential burning season, needed to reach 25% (t 25 ) and 50% (t 50 ) of the total number of fire pixels detected over the season. The third temporal variable is the length of the core burning season, which is expressed as the number of weeks between the first quartile (25% of the total) and the fourth quartile (75% of the total). Already proposed by Giglio [34] in his study of the diurnal fire cycle, this interquartile range provides a good indicator of the spread of the fire activity. Figure 2 shows a quite typical fire distribution for the West Africa Sudanian region. Weeks after the start of the burning season
Nb. fire pixels
In addition to the three variables used to characterise the temporal patterns of fire activity, two other variables have been defined for assessing the overall level of burning activity. First, the number of fire pixels per 1,000 ha detected over a given period of time; called fire density (f d ) in the text, it allows comparisons between PAs. The second variable is the ratio between the fire density observed inside the PA and the one observed in a 25 km buffer zone around the area. Called Specificity Index (f si ) in the text, this ratio helps assessing how specific is a PA in terms of land cover conditions, compared to its surrounding. In fact, the fire density in the sudanian and guineo-sudanian regions is largely driven by the quantity and the spatial distribution of the fuel available for burning, essentially the grass layer. The quantity of grass biomass is much higher in the natural savannas or woodlands found in the PAs than in the surrounding area where croplands and pastures are the dominant land cover types. Moreover, numerous fire breaks prevent the development of fire events in this peripheral domain. The patterns of fire activity have been analysed for the four SUN test sites and have been compared to the fire dynamics observed in other 11 protected areas and in three large regional windows from West and Central Africa.
Results
Seasonality of Fire Activity
The length of the core burning season, expressed as the number of weeks between the first quartile (25% of the total) and the fourth quartile (75% of the total), varies from a minimum of one week to a maximum of seven for all PAs, with the exception of Park W-Niger (Table 2; Figure 3 ). This range is quite stable over the five dry seasons considered here: Although not systematically observed in all PAs, this progressive increase of the spreading of the core burning season could be an indicator of an ongoing evolution of the temporal burning patterns in the West Africa region. The situation for Central Africa looks more stable. However, longer time series of fire data would be needed to confirm or not this tendency towards an increased spreading of the core burning season.
When looking at the PAs individually, one could consider two groups. In the first one, the length of the core burning season does not change much over the five year period: the transboundary Park W, the Park W-Benin, the Park W-Burkina, Bomu or Digya are in this group. In the second group, we observe the progressive increase of the spreading mentioned above: Boulon, Deux Bales, Outamba-Kilimi or Pendjari are in this category. One could think that the longer core season is associated to an earlier start of the fire activity; however the observations do not confirm this hypothesis. For instance, the Pendjari park has a core season of two and six weeks in 2004-05 and 2008-09, respectively; while the time delay to reach 25% of the total seasonal fire activity is exactly the same, nine weeks from the beginning of October, for the two dry seasons. In terms of ecological impacts, one would need to know if this trend towards a longer burning season, as observed on some PAs, is accompanied by an increase of the number of fire events. This is discussed in Section 3.2.
One could say that the assumption of the potential burning season starting during the first week of October might not reflect totally the reality on the field. The observations done during the five dry seasons considered here show that this hypothesis is quite acceptable. In fact, the cumulative number of fire pixels detected during the 1st week of October over the five year period (Table 2) is 0 for 10 PAs out of 16, less or equal to 3 for four PAs and 5 and 11 for the last two PAs. However, this assumption might not remain valid for ever. Modifications of the length of the rainy season, driven by the ongoing climate change, might in the future change the temporal characteristics of the burning seasons. Time series of satellite data should allow to detect such changes, if they become reality.
Level of Fire Activity Measured by the Fire Density
As explained in Section 2.3, the number of fire pixels per 1,000 ha, called fire density f d in the text, has been used to assess the level of the fire activity occuring in the PAs and in their buffer zones. The fire density, computed from the cumulative number of fire pixels at the end of the burning season inside the PAs, therefore excluding the fire pixels detected in the buffer zones, varies from a minimum of 1 to a maximum of 5 over the five year period (Table 3; Figure 4 ). The annual average value is 2.9, 2.9, 3.0, 2. There are no evident relationships between the IUCN category and the fire density in the PAs. For instance, the PAs in Category II (National park; managed for ecosystem protection and recreation) are found in all levels of fire density: low, medium or high. One cannot say that a Category II PA is less affected by burning than a Category IV PA (Faunal reserve, for instance). In other words, the status of "protected area" which should go with an IUCN label is certainly not a guarantee of a sustainable use of burning in a given territory. The observations done in the present study indicate that the ecological conditions, which determine the amount of fuel available for burning, might be a strong driver of the fire density in the PAs. For instance, the Digya national park (Ghana, Guineo-Congolia/Sudanian ecoregion) shows over the five years an average fire density of 3.77. The Niokolo-Koba park (Senegal, Southern Sudanian ecoregion) has a value of 2.98, while the Boundou reserve (Senegal, Northern Sudanian ecoregion) has a value of 1.79. This decreasing fire density follows the decreasing amount of rainfalls, associated with a decreasing amount of grass biomass, from the Guineo-Congolia/Sudanian ecoregion in the South to the Sudanian ecoregion in the North.
It must be noted that the trend towards a longer burning season, mentioned in the previous section, is accompanied by an increase of the number of fire events for most PAs (10 out of 16), while this number decreases for 3 of them and remains more or less the same for the last 3. If, instead, we consider the ratio between the fire density inside and in the 25 km buffer zone (Specificity Index), the situation for the SUN PAs appears quite different ( Figure 5 ). They are clearly among the PAs for which there is a high contrast between the fire activity inside and outside the PA. The extreme situation being observed for the Patako classified forest and for the ParkW-Niger, with a Specificity Index always above 5, which means that the fire activity is 5 times higher in these PAs than in their surroundings. In fact, the average fire density in the buffer zones of Patako and of As discussed in Section 2.3, we hypothesize that this situation is largely due to the predominance of agriculture lands around the PA, with a low level of fuel and numerous fire breaks which would not allow the development of an intense fire activity. The GLC2000 land cover map [35] was used to assess the extent of agricultural land around the PAs. For Patako and ParkW-Niger, the GLC2000 land cover class 'Cropland (>50% agriculture)" occupies 69% and 60% of the 25 km buffer zone; while it occupies 21%, 18% and 0% for ParkW-Benin, ParkW-Burkina and Boulon, respectively. These results, although based on satellite data acquired during the year 2000, while the fire information covers the period 2004-2009, seem to confirm that the fire activity around the PAs relates to the level of agricultural activity: increasing agriculture leads to a decrease of fire activity.
The evolution of the Boulon classified forest must be noted: its Specificity Index increases from 1.2, in 2004-05, to 2.5, in 2008-09. This means that the level of fire activity was more or less the same inside and outside the PA during the 2004-05 season, while five years later it is more than two times higher in the PA than in the surrounding buffer zone. In fact, the fire density has increased in the PA, from 3.4 to 5.1 over the five years, while it has decreased in the buffer zone, from 2.8 to 2.1. Here again, this change of the Specificity Index might be indicative of a progressive extension of the area dedicated to agriculture, at the expenses of the natural savannas, around the classified forest and consequently a progressive isolation of the Boulon protected area. A similar trend, although less pronounced, is observed for the Burkina and Benin components of Park W. If confirmed by additional observations in the coming years, this trend would be a clear indicator that these PAs are progressively loosing their capacity to conserve biodiversity. In fact, the conversion process around the PAs usually affects the structure and dynamics of the species populations inside the PAs [36, 37] .
In summary, for the PAs of the SUN network, we might conclude that an ecological isolation is ongoing for the Boulon forest and, to a minor extent, for the ParkW-Benin and ParkW-Burkina. For the Patako forest and ParkW-Niger, the ecological isolation is already quite high due to the extended agricultural land around these two PAs. As far as the Park W is concerned, these observations confirm the results of Clerici et al., [38] who quantified the loss of savanna habitat around Park W to be −14.5% over the 1984-2002 period.
Regional Context
It has been shown in Section 3.2 that the overall level of fire activity in many PAs, as measured by the Fire Density, has increased during the five year period considered here, while it has been stable or has decreased in the surrounding buffer zones. If we look at the regional context (Figure 6c ), we observe a situation quite similar to the one observed in the buffer zones of the PAs: the overall fire activity in the West Africa region has remained stable or has slightly decreased during the [2004] [2005] [2006] [2007] [2008] [2009] period. This situation is very clear for the PAs of the SUN network (Figure 6a,b) and has strong implications in terms of ecological role of the PAs. On the one hand, it shows that the land cover conditions, and therefore the habitat, of the territories included in a PA are effectively different from those observed in the surrounding lands. Such a difference is of course expected for an area which is supposed to be protected. On the other hand, the increasing fire activity observed inside the PAs is a clear indicator that the overall anthropic pressure on the PAs has increased during the last five year period. In fact, most if not all fires in the West and Central Africa savannas are man made. Fires due to lightning are an exception in these regions. We can therefore conclude that the increase of the fire activity in the PAs is an indicator of an increased anthopic pressure on these territories. One could argue that the fire activity in the PAs is part of local management plans which include prescribe burning for habitat management purposes. In such a case, fires would not be attributed to unwanted antropic activities. However, this hypothesis is not supported by the observations. For the few parks for which burning plans are existing and known, such as the three national components of Park W, the satellite observations show that there is no or very little correspondence between the burning calendar observed and the one designed in the management plans [25] . Moreover, it is difficult to explain why prescribed burning should increase over time. One could understand a change in the spatial distribution of fires inside the PAs or a change in burning calendars but not an overall increase of the number of fire events. A situation such as the one observed in the Boulon classified forest, 50% increase over the five year period, cannot be attributed to prescribe burning programs. In summary, we can conclude that the PAs considered in this study appear effectively different from the surrounding lands but that the official status of National Park or Faunal Reserve is not always an insurance of protection for a particular territory, at least in the West and Central Africa regions.
Conclusions
The five year time series of fire occurences, derived from MODIS data, have allowed us to characterise the fire seasonality and the overall level of burning activity in the protected areas of the SUN network as well as in other 11 PAs from the West and Central Africa regions. The results show clearly that both the temporal distribution of the fire activity and the number of fire occurences are quite different inside the PAs and in their surrounding area. They show also that the general trend outside the PAs is a decrease, −27% on average in the buffer zone of 12 PAs out of 16, of burning activity measured by the fire density over the 2004-2009 period while the opposite is observed inside the PAs: the fire density has increased for 11 PAs out of 16 (+22% on average). The decrease outside the PAs is most probably associated to the conversion of natural savannas to agriculture lands, and consequently by a decrease of fuel availability. In fact, when the fuel is available, such as inside the PAs, the fire activity has increased over the same period. Moreover, the length of the core burning season tends also to increase inside the PAs.
Considering the role of the PAs to help protecting the biological diversity, these results are clear indicators of a negative trend. In fact, they show that there is an on-going process of isolation of the PAs which will have an impact on their capacity to maintain the level of biological diversity. Moreover, the overall increase of burning activity inside the PAs and the fire seasonality characteristics indicate that the anthropic pressure is high and that the official status of national park or faunal reserve is quite often purely formal and does not really protect the territories included in the PAs' perimeter.
As shown by Buchanan et al., [39] in their analysis of threats to Important Bird Areas (IBAs) in Africa, agricultural expansion, together with deforestation, is one of the prevalent threats to bird habitats and more generally to biodiversity in Africa. Remote sensing is already used to assess land cover changes, and more specifically the conversion of natural vegetation to agriculture, as was done statistically by Brink and Eva [40] . However, these assessments require the processing and analysis of huge satellite datasets and cannot be done frequently. For instance, the most recent land cover map of the African continent was published by Mayaux et al., in 2004 [35] based on the analysis of low resolution satellite imagery from the year 2000. To bring up to date these continental scale land cover maps or the statistical assessments of agricultural expansion requires on average four to five years. In this situation, the monitoring of fire activity, at least in the non humid forest domain, could complement the direct observation of land cover conditions and greatly help to improve our capacity to identify land use and land cover changes inside and in the surrounding of the PAs, and more generally in regions of high biodiversity value.
From a management point of view, reliable and timely information on fire activity can provide the park managers with a powerful tool for planning and monitoring prescribe burning, as well as for detecting unwanted dynamics which can affect the ecological role of the PAs in the region.
Another issue is our capacity to assess quantitatively and in a timely manner the effectiveness of conservation projects and policies. Here again, the continuous monitoring of fire activity could allow, if combined with other information related to habitats and species richness, the development of a fire based indicator usable for comparisons between PAs and for temporal trends analysis. Such a Fire Based Indicator would have a large geographical domain of application. In fact, from the 142,358,031 ha occupied by the 390 national parks and reserves of sub-Saharan Africa (IUCN categories II and IV), 59% (83,498,569 ha) are included in ecoregions charaterised by a high to very high risk of fire occurrence during the dry season, 24% (33,791,210 ha) in ecoregions of medium risk of fire occurence and 17% (25,068,252 ha) in ecoregions with low to very low risk of fire occurrence. Fire monitoring is therefore a necessity if we want to improve the management of most African parks and reserves [7, 8] . Last but not least, the projected climate changes will most probably have a strong impact on the distribution of habitats [41] and on the fire regimes of the African continent [42] .
In this respect, the burnt area time series released recently by the MODIS team [43] is a good candidate for an extension of the present study to all PAs of sub-saharan Africa, back to the year 2000. Future work will also investigate the potential of the active fire product derived from the SEVIRI instrument onboard the Meteosat-8 geostationnary satellite. Recent work by Amraoui et al., [44] has clearly shown that such data could help characterising the diurnal and seasonal distribution of fire activity.
